ABSTRACT: The present study was conducted to investigate the effects of feed intake (FI) and dietary nutrient concentration on the determination of apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) of nutrients and GE for growing pigs. A total of 48 growing pigs (40.7 ± 1.3 kg initial BW) were surgically fitted with simple T-cannulas at the distal ileum and assigned to 6 treatment groups in a 2 × 3 factorial arrangement of 2 diets (a low-nutrient-density [LND] diet or a normal-nutrient-density [NND] diet) and 3 FI levels (3, 4 or 5% of BW per day). The experimental period consisted of a 5-d adjustment period: 2 d of feces collection (on d 6 and 7), and 2 d of ileal digesta collection on (d 8 and 9). Chromic oxide was used as an indigestible marker to calculate AID of AA and AID and ATTD of CP, ether extract (EE), ash, ADF, NDF, total carbohydrates (CHO), and GE. The AID of CP (P < 0.05), EE (P < 0.1), ash (P < 0.05), and GE (P < 0.1); the ATTD of ash (P < 0.1); and the hindgut disappearance of CP (P < 0.05), ash (P < 0.1), and most AA were affected by the interaction of dietary nutrient density and FI level. The AID of CP and the AID and ATTD of DM, EE, CHO, and GE linearly decreased for pigs fed a NND diet as FI increased (P < 0.05). Furthermore, the AID of CHO (P < 0.1) and NDF (P < 0.05), the ATTD of DM (P < 0.1), and the hindgut disappearance of CHO and NDF (P < 0.1) were influenced by FI. When pigs were fed the NND diet, the AID of most AA decreased (linear, P < 0.05) with increasing FI. However, there were no linear or quadratic effects of FI levels on the AID, ATTD, and the hindgut disappearance of DM, CP, EE, CHO, NDF, ADF, and GE and the AID of most AA for pigs fed the LND diet. In summary, the AID and ATTD of nutrients and GE response of growing pigs to FI levels are dependent on dietary nutrients density. The AID and ATTD of nutrients and GE decreased for pigs fed the NND diet as FI increased.
INTRODUCTION
The feed intake (FI) levels of pigs that are used in experiments to measure digestibility of GE and nutrients is often lower than that of pigs that are allowed to consume feed on an ad libitum basis under commercial conditions (Moter and Stein, 2004; Zhai and Adeola, 2013; Goerke et al., 2014) . The use of assayed digestibility values in feed ingredients to formulate diets is based on the assumption that digestibilities of nutrients and GE are not affected by FI. However, there is contradictory evidence concerning the effect of FI on nutrients and GE digestibility of pigs (Morgan et al., 1975; Sauer et al., 1982; Moter and Stein, 2004; Goerke et al., 2012) .
Feed intake has a marginal or no effect on apparent ileal digestibility (AID) of AA and CP in growing pigs (Sauer et al., 1982; Haydon et al., 1984) . However, Goerke et al. (2012) found a reduction in AID of AA and CP as FI increased, and Moter and Stein (2004) observed that AID of most AA in soybean meal (SBM) for growing pigs increased with FI. Furthermore, a decrease or an improvement in apparent digestibility of GE with increasing levels of FI was reported by Morgan et al. (1975) and Tollet et al. (1961) , respectively. The difference in the effects of FI levels on nutrients and GE digestibilities among previous studies might be caused by changes in diet composition. Therefore, the interaction between FI, nutrient density, and digestibility requires further investigation. It is hypothesized that the nutrient and GE digestibility response of pigs to increasing FI is dependent on dietary nutrient density (below or meeting nutrients requirement of pigs). The objective of the current study was to investigate the effect of FI levels on the AID of AA and the AID and apparent total tract digestibility (ATTD) of CP, total carbohydrates (CHO), NDF, ADF, ether extract (EE), and GE for growing pigs fed a corn-SBM-based normal-nutrient-density (NND) diet or a cornstarch-based low-nutrient-density (LND) diet.
MATERIALS AND METHODS
This experiment was conducted in accordance with the Chinese guidelines for animal welfare and all protocols were approved by the Institutional Animal Care and Use Committee of the State Key Laboratory of Animal Nutrition at the Chinese Academy of Agricultural Science.
Animals, Dietary Treatments, and Sample Collection
Forty-eight Duroc × Landrace × Yorkshire barrows (40.7 ± 1.3 kg initial BW) were surgically fitted with a simple T-cannula at the ileocecal junction according to the procedures described by Chen et al. (2013) . The 48 barrows were grouped into 8 blocks by BW and randomly assigned to 1 of 6 dietary treatment groups in a randomized complete block design. Experimental treatments consisted of 2 diets (a NND diet or a LND diet) and 3 graded FI levels (3.0, 4.0, or 5.0% of BW per day) in a 2 × 3 factorial arrangement. The NND diet was a corn-SBM-based diet and formulated according to the nutrient requirements of growing pigs (NRC, 2012) . Cornstarch was included in the LND diet to maintain dietary concentrations of CP, AA, EE, Ca, P, NDF, and ADF at 50% of the NND diet (Table 1) . Each of the 2 diets (NND and LND) was fed at 3 FI levels, and the daily feed allowance was calculated at the beginning of the experiment. Diets were fed at 3, 4, or 5% of initial BW. The daily FI was constant during the feeding period. The AID and ATTD of GE and nutrients were calculated using chromic oxide as an indigestible marker at 0.5% (as-fed basis) in both diets.
All pigs were housed in stainless-steel metabolism crates (1.2 by 1.5 m) equipped with feeders and lowpressure waterers. Room temperature was maintained at 20 ± 2°C with a 12-h lighting program. Five days were allowed for barrows to adapt followed by a 2-d fecal collection period and a 2-d ileal digesta collection period from 0800 to 1800 h. Barrows were fed 1 of 2 equal portions of a daily feed allowance at 0700 and 1700 h. Whirlpak bags (Nasco, Fort Atkinson, WI) containing 10 mL of 10% formic acid were used to collect ileal digesta. Bags were inspected at 1-h intervals and immediately changed as needed. Collected ileal digesta and fecal samples were stored at -20°C and pooled within pig at the end of the experiment.
Chemical Analysis
Fecal samples were dried at 65°C in an oven, and ileal digesta samples were freeze-dried. The dried experimental diets, ileal digesta, and fecal samples were ground to pass through a 0.5-mm screen before analysis. Diets, ileal digesta, and fecal samples were analyzed for DM (method 930.15; AOAC, 2007) , CP (method 990.03; AOAC, 2007) , EE (method 996.01; AOAC, 2007) , ash (method 942.15; AOAC, 2007) , NDF (Holst, 1973) , and ADF (method 973.18; AOAC, 2007) . Gross energy was determined by an adiabatic bomb calorimeter (model 6400; Parr Instrument, Moline, IL). The Cr concentration in diets, ileal digesta, and fecal samples were determined by spectrophotometric reading of absorption at 450 nm after wet digestion in nitric acid and 70% perchloric acid (method 990.08; AOAC, 2007) . The CHO concentration in diets, ileal digesta, and feces were calculated according to the following equation (Urriola and Stein, 2012) : CHO = DM -(CP + EE + ash).
The concentrations of AA in experimental diets and ileal digesta were determined according to AOAC International procedures (method 982.30 E (a); AOAC, 2007) . Samples were hydrolyzed with 6 N HCl at 110°C for 24 h before analysis for 15 AA with an Amino Acid Analyzer (L-8800 Hitachi Automatic Amino Acid Analyzer; Hitachi High-Technologies, Tokyo, Japan). The methionine and cystine contents were determined after cold performic acid oxidation overnight and hydrolysis with 7.5 N HCl at 110°C for 24 h (method 982.30 E (b); AOAC, 2007). Tryptophan concentration was determined after LiOH hydrolysis at 110°C for 22 h (method 982.30 E (c); AOAC, 2007).
Calculation and Statistical Analysis
The AID and ATTD of nutrients and GE were calculated using the following equations (Dilger et al., 2004) :
, and
in which AID and ATTD represent the AID and ATTD of DM, GE, and nutrients; Cr diet , Cr ileal digesta , and Cr feces represent the chromium concentrations in diet, ileal digesta, and feces, respectively; and N diet , N ileal digesta , and N feces represent the GE and nutrients concentrations in diet, ileal digesta, and feces, respectively. Hindgut disappearance of nutrients and GE was calculated according to the difference between the ATTD and AID of nutrients and GE (Urriola and Stein, 2012) . The data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC), and pig served as the experimental unit for all statistical analysis. Diet, FI, and the interaction between diet and FI were considered fixed effects and block was the random effect in this model. Contrasts were used to detect linear and quadratic effects of FI on the AID, ATTD, and the hindgut disappearance of DM, GE, and nutrients within each diet (a LND diet or a NND diet). Statistical differences were established at P ≤ 0.05, whereas 0.05 < P ≤ 0.1 was considered a trend.
RESULTS

Feed Intake Levels and DMI of Pigs
All pigs readily consumed the provided feed and remained healthy, and there were no feed refusals throughout the experimental period. The analyzed concentrations of DM, CP, GE, EE, NDF, ADF, ash, CHO, and AA in experimental diets are shown in Table 2 . The amount of daily FI and DMI of pigs for each treatment group were shown in Table 3 . There was no difference in FI and DMI between pigs fed the NND diet and pigs fed the LND diet.
Apparent Ileal Digestibility of DM, GE, and Other Nutrients
There were no interactive effects (Table 4 ) of diet and FI on AID of DM, CHO, NDF, and ADF except for the AID of CP (P < 0.01) and ash (P < 0.05). Pigs fed the LND diet had greater AID of DM, ash, CHO, and GE but lower AID of CP and EE than pigs fed the NND diet (P < 0.05; Table 4 ). Regardless of diet, increasing FI decreased the AID of NDF (P < 0.05) and CHO and tended (P < 0.1) to decrease GE. When pigs were fed the NND diet, the AID of EE (P < 0.05), DM, CP, CHO, and GE (P < 0.01) linearly decreased with increasing FI. The AID of NDF tended (linear, P < 0.1) to decrease with increasing FI in NND-fed pigs. In addition, a linear increase in AID of ash was observed in pigs fed the LND diet (P < 0.01).
Apparent Total Tract Digestibility of DM, GE, and Nutrients
The ATTD of ash tended (P < 0.1; Table 5 ) to be affected by the interaction of diet and FI. Pigs fed the LND diet had greater ATTD of DM, ash, CHO, and GE but less ATTD of CP, EE, NDF, and ADF than pigs fed the NND diet (P < 0.01; Table 5 ). Increasing FI levels tended (P < 0.1) to decrease the ATTD of DM and ash. When pigs were fed the NND diet, the ATTD of DM, ash, GE (linear, P < 0.05; quadratic, P < 0.1), EE, and CHO (linear, P < 0.05) decreased with increasing FI (Table 5 ). There were no effects of FI on the ATTD of CP, EE, CHO, NDF, and ADF.
Hindgut Disappearance of DM, GE, and Nutrients
There were no interactive effects of diet and FI on the hindgut disappearance of DM, EE, CHO, NDF, ADF, and GE but they tended (P < 0.1; Table 6 ) to affect the hindgut disappearance of CP and ash. Pigs fed the LND diet had lower hindgut disappearance of DM, ash, CHO, and GE (P < 0.01) than pigs fed the NND diet (Table 6 ). Regardless of diet, there was a tendency (P < 0.1) for decreased hindgut disappearance of CHO and NDF with increasing FI. When pigs were fed the NND diet, the hindgut disappearance of DM, CP, CHO, and GE increased (linear, P < 0.05) with increasing FI. Moreover, the hindgut disappearance of ash decreased (linear, P < 0.05) for pigs fed the LND diet with increasing FI levels. The hindgut disappearance of CP, EE, and NDF were not affected by FI level (P > 0.1).
Apparent Ileal Digestibility of AA
The AID of all AA except Arg and Pro were affected by the interaction of diet and FI (P < 0.05, Table 7 ). When pigs were fed the NND diet, the AID of His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val, Ala, Asp, Cys, Glu, Gly, Ser, and Tyr decreased (linear, P < 0.05) with increasing FI (Table 7) . However, the AID of Ile, Thr, Trp, Ala, and Gly linearly increased with increasing levels of FI for pigs fed the LND diet (P < 0.05; Table 7 ). Pigs fed the LND diet had lower AID of Arg, His, Ile, Leu, Table 3 . Dry matter intake of pigs fed a normal-nutrient-density (NND) diet or a low-nutrient-density (LND) diet at different feed intake levels Lys, Met, Phe, Thr, Val, Asp, Glu, Gly, Ser, and Tyr than pigs fed the NND diet (P < 0.05; Table 7 ).
DISCUSSION
Dietary nutrient density and FI level affect the AID and ATTD of nutrients and GE in growing pigs. In most digestibility experiments, daily FI is calculated according to the maintenance requirement for energy in experimental diets with similar energy concentrations (Petersen and Stein, 2006) . However, daily FI (varied from 3 to 5% of BW) is also calculated by the percentage of BW when experimental diets have different energy concentrations (Zhai and Adeola, 2013; Liu et al., 2014; Xue et al., 2014) . This approach allows for constant DMI of each treatment group. In the present study, there was a difference in dietary GE concentration between the LND diet and the NND diet. Therefore, the daily FI levels of pigs were set at 3 (restricted feeding regime), 4 (commonly used FI in previous studies), and 5% (FI level close to feed consumed on an ad libitum basis) of BW for each pig (Adeola and Ragland, 2012; Zhai and Adeola, 2013; Liu et al., 2014) .
The present study revealed that the AID and ATTD of DM, EE, CHO, and GE decreased for pigs fed a corn-SBM-based NND diet as FI level increased. This result is in agreement with the observations of Parker and Clawson (1967) and Everts and Smits (1987) that the digestibility of DM and GE in maize and barley diminished with increasing feeding levels. Furthermore, Goerke et al. (2014) reported that the ATTD of DM, GE, OM, and EE decreased with increasing levels of FI for pigs fed a cornstarch-SBM-based diet. No effect of FI levels on the AID and ATTD of DM, EE, CHO, NDF, ADF, and GE was observed in pigs fed a cornstarch-based LND diet in the present study. This finding is consistent with the results of Peers et al. (1977) and Smits et al. (1994) , who reported that the digestibility of DM and GE in barley, legume seeds, maize byproduct, and wheat byproduct was not affect by FI levels. Moreover, Moter and Stein (2004) and Goerke et al. (2012) demonstrated that the digestibility of DM and GE were not influenced by FI levels for pigs fed cornstarch-based diets. Morel et al. (2006) suggested that the effect of FI on nutrient and GE digestibility depends on the quality of the feed. Sugimoto (1985) reported that nutrient digestibility is more affected by FI Table 5 . Apparent total tract digestibility of nutrients and GE for pigs fed a normal-nutrient-density (NND) diet or a low-nutrient-density (LND) diet at different feed intake levels Table 6 . Hindgut disappearance of nutrients and GE for pigs fed a normal-nutrient-density (NND) diet or a lownutrient-density (LND) diet at different feed intake levels in diets containing lower compared with greater concentrations of digestible nutrients. In the current experiment, the corn-SBM-based NND diet had a lower concentration of easily digestible starch and a greater concentration of dietary fiber than the cornstarch-based LND diet. Therefore, as FI was increased, the AID and ATTD of DM, EE, CHO, and GE decreased for pigs fed the NND diet. The AID and ATTD of DM, EE, CHO, and GE did not vary when pigs were fed the LND diet. Moreover, the hindgut disappearance of DM, CHO, and GE responded similarly to AID and ATTD. The most likely reason for the reduction in digestibility of nutrient and GE with increasing FI is that FI levels confer an increased passage rate (Roth and Kirchgessner, 1985) . Increased passage rate in response to FI is more likely in diets with lower compared with greater concentration of digestible nutrients. Pigs fed the cornstarch-based LND diet had greater AID and ATTD of DM, CHO, and GE than pigs fed the corn-SBM-based NND diet. Therefore, it is reasonable that the AID and ATTD of DM, CHO, and GE in the NND diet are more responsive to changing FI than those in the LND diet, which was confirmed in the current study.
Although the AID and ATTD of DM, CHO, and GE were greater for pigs fed the LND diet at low levels of dietary fiber than that for pigs fed the NND diet at high levels of dietary fiber, the LND diet-fed pigs had lower AID and ATTD of NDF and ADF than the NND dietfed pigs. This is in agreement with the results of Urriola and Stein (2012) , who reported that pigs fed diets with a high concentration of ADF and NDF had greater AID and ATTD of dietary fiber than pigs fed diets with a low level of ADF and NDF. Increasing FI did not affect the digestibility of ADF and NDF in the present study. Similarly, Goerke et al. (2014) reported the ATTD of NDF and ADF of SBM were not affected by FI.
In the present study, the AID of CP and some AA was lower for pigs fed the LND diet at a low dietary CP level (8.64%) than that for pigs fed the NND diet at a high dietary CP level (17.43%). This result agrees with previous studies (Fan et al., 1994; Libao-Mercado et al., 2006; Zhai and Adeola, 2011) . These results confirm that the AID of CP and most AA increase as dietary CP increases. The reason for this is that the contribution of endogenous AA losses as a percentage of total AA outputs in ileal digesta will decrease with increasing dietary AA levels, which leads to an increase in the AID of CP and AA (Fan and Sauer, 1995) .
Dietary CP level affected the response of AID of most AA to FI. The AID of most AA decreased for pigs fed the NND diet as FI increased, but the AID of most AA increased or did not vary for pigs fed the LND diet with increasing FI. The effect of FI on the AID of AA in assay ingredients or diets was inconsistent among previous experiments. The majority of studies revealed minimal or no effect of FI on the AID of CP and AA for Table 7 . Apparent ileal digestibility of AA for pigs fed a normal-nutrient-density (NND) diet or a low-nutrientdensity (LND) diet at different feed intake levels growing pigs (Sauer et al., 1982; Haydon et al., 1984; Albin et al., 2001) . Goerke et al. (2012) reported that the AID of both indispensable and dispensable AA increased as FI increased from 3 to 4.5% of BW in piglets fed a cornstarch-based diet at 23% CP. Furthermore, Moter and Stein (2004) found that the AID of Arg, Ile, Leu, Phe, Thr, Trp, Val, Ala, Cys, Gly, and Ser in SBM linearly increased with increasing FI for pigs fed a cornstarchbased diet at an 18.16% CP level. Similarly, the results of the current study showed that the AID of Ile, Leu, Thr, Trp, Ala, Asp, Glu, Ser, and Tyr increased for pigs fed the LND diet as FI increased from 3 to 5% of BW. The AID increased for most AA with increasing FI because endogenous AA loss contributes more to the total AA outputs in the ileal digesta at lower FI levels (Fan and Sauer, 1995) . Therefore, a higher proportion of endogenous AA loss to the total AA outputs will lead to a lower determined AID. It is interesting to note that the AID of most AA decreased for pigs fed a NND diet with increasing FI levels, which is contrary to that for pigs fed a LND diet in the present study. This is in agreement with Goerke et al. (2012) , who observed that the AID of most AA increased as FI levels increased from 4.5 to 6% of BW for piglets fed a diet at 23% CP. A linear decrease in the AID of most AA in SBM was reported when dietary CP ranged from 165 to 255 g/kg (from adequate to excess) in the experiment of Li et al. (1993) . In contrast, the AID of the indispensable AA (Arg, Ile, Lys, Thr, and Val) linearly increased as dietary CP increased from 68 to 214 g/kg (from deficient to adequate) in the study of Zhai and Adeola (2011) . Quadratic effects of increasing dietary CP level were observed in the AID of most AA when dietary CP increased from 40 to 240 g/kg (from deficient to excess; Fan et al., 1994) . Taken together, results from the aforementioned studies and the present study suggest that the AID of CP or AA is affected by the CP or AA intake instead of dietary CP and AA concentrations.
The calculated AID of CP and AA will increase with increasing dietary intake of CP and AA before reaching the threshold of CP and AA requirements, which is attributed to the reduction of influence of endogenous AA loss as dietary AA intake increases (Eklund et al., 2010) . However, the AID of CP and AA decreases or does not vary with increasing dietary CP and AA intake when the CP and AA intake exceed the requirements of CP and AA. In this case, the oversupply of AA might exceed the maximum capacity for AA digestion and absorption of pigs (Buddington et al., 2001) . The increased CP and AA intake also may have masked the endogenous AA loss. The AID of AA is affected by dietary CP level due to the confounding effect of endogenous AA loss. The standardized ileal digestibility (SID) of AA is independent of dietary CP and AA concentration because SID is corrected for endogenous AA loss. Moter and Stein (2004) found a linear reduction in SID of His, Ile, Leu, Lys, Met, Phe, Thr, Val, Ala, Cys, Glu, Gly, Pro, Ser, and Tyr as FI levels increased, suggesting that the gastrointestinal absorption capacity is limiting when excess amounts of AA are consumed by pigs. Therefore, it is reasonable that the AID of CP and AA increases or remains unchanged for pigs fed a LND diet (8.64%) when FI increases, whereas the AID of CP and AA decreases for pigs fed a NND diet (18.16% CP) with increasing FI.
In conclusion, the results of the present study demonstrate that dietary nutrient concentration and FI influence the AID and ATTD of nutrients and GE in growing pigs. When pigs were fed a NND diet, increasing FI levels reduced the AID and ATTD of GE and nutrients. However, FI levels for pigs fed a LND diet did not influence the AID and ATTD of nutrients and GE. The implication of the present study is that nutrient and GE digestibilities differ between pigs with a FI level at 4% of BW (commonly used FI level in digestibility studies) and pigs with a FI level at 5% of BW (FI level close to feed consumed on an ad libitum basis) when a NND diet was provided. Therefore, when designing digestibility experiments with growing pigs, the FI levels used by each study should be set at a level close to the amount of feed on an ad libitum basis.
